The work presents an application of two scanning optical techniques, i.e. optical prolometry and angle resolved scattering method. The rst method measures the light reected from a lm during scan of the surface, while the second method measures light intensity as a function of the scattering angle. The angle resolved scattering and optical prolometry measurements, being complementary to the atomic force microscopy, give information about surface topography. Scattered radiation measured by angle resolved scattering and optical prolometry is a function of height and slope of microfacets. The analysis of images allows to determine the most important statistic surface parameters, like roughness, height distribution and autocorrelation length, in large wavelength range by the determination of power spectral density function. The fast Fourier transform of angle resolved scattering and optical prolometry images permits to determine the distribution of surface features in the inverse space, such as periodicity and anisotropy. In this paper the results obtained for porous SiO2, SiO2TiO2 blends, TiN and polymer thin lms have been presented. The paper demonstrates the usefulness of the angle resolved scattering and optical prolometry for the surface and volume thin lm inspection.
Introduction
Light scattering from optical thin lms and devices has increasingly become an important factor in applications requiring high precision control. Also, light scattering losses have crucial impact on the performance quality of optical thin lms [1, 2] and devices [3, 4] . The study of light scattering from optical thin lms can provide useful information on thin lm morphology. If layers are thin and at the basic parameters describing studied lms (i.e. thickness and refractive index) may be determined from the analysis of reection spectra. Optical methods use for this purpose the specular part of radiation from the sample. In particular, the spectroscopic ellipsometry is accurate technique for determination of thickness and refractive index of thin lms [5, 6] . The basic ellipsometric equation utilizes the Fresnel formulae to determine optical and geometrical parameters of thin layers.
However, in many real lms except coherent specular scattering, the non-directional incoherent scattering may occur. There are two types of non-specular light scattering in optical thin lms. The rst one is the surface scattering, which results from irregularities appearing on the lmsubstrate and lmair interface [7] . The second one originates from scattering occurring in the volume of lms [8] . Light scattering in bulk of optical thin lms results from scattering centers with refractive index different than the lm [9] . If the variations in layer surfaces and in the bulk are mild, then they can be characterized by weak single scatter events, as in the case of smooth * corresponding author; e-mail: pujaglar@cyfronet.pl method [7] used for lm topography measurements and small angle light scattering (SALS) applied in bulk scattering investigation [9] .
The only dierence between BRDF and SALS method is the range of incidence and scattered angles θ i and θ s respectively. In BRDF the angle θ i is usually xed at larger than 45
• values and angles θ s are altered in wide range angles higher than 45
• . In SALS type of measurements incident angle θ i is close to zero and scattered angle is usually lower than 15
• .
Measurements of optical reectance by means of the classical reectometry inform us about optical properties on a large area, i.e. of the order of 0.1 to 2 cm 2 .
Results obtained on a much less scale will be similar if coatings and surfaces are homogeneous over the investigated area and inside the layers. For inhomogeneous surfaces, when topographic or material non-uniformities appear, the results dier from tens µm to several mm, the measurements taken from the integrating sphere and (81) standard reectometry give rather an average reectance over a larger scale of the reected samples. Two main theories were developed to analyze light scattering in optical thin lms: the scalar [11] and the vector theory [12] .
Scalar light scattering theory based on the Kirchho
Beckman approximation provides the total integrated scattering (T IS) formula. T IS is dened as the ratio of diuse to specular intensity of scattered radiation. T IS describes the relationship of surface roughness and light scattering [13] . The well known T IS formula can be expressed in the rst approximation as
where σ is the rms surface roughness and λ is the wavelength of light illuminating the sample. The validity of the above relation is fullled for σ λ. The simple way to determine T IS parameter is to use the integrating sphere [14] .
Vector scattering theory is based on the rst-order perturbation model and valid for small roughness (rms) σ.
In contrast to scalar approaches, it includes the polarization properties of both scattered and incident light. Vector theory in the RayleighRice [15] and the Rayleigh Debye approximation [16] can be applied for surface and bulk of light scattering phenomena occurring in thin lms.
In surface vector theory some function describing surface in topographical terms must be dened.
Real surfaces most often are described by statistical function, namely power spectral density (P SD) function. P SD expresses the roughness power per unit spatial frequency over the sampling length [7] .
The P SD is presented as a function of spatial frequency f :
where angles θ i and θ s are incident and scattering angle, respectively.
P SD function is commonly evaluated by processing mechanical prolometer and/or AFM images [1] . If the values of P SD are known, one can determine the statistical parameters, such as the root-mean square (rms) roughness σ, slopes and the autocorrelation length by using the so-called ABC model which describes P SD in a simple analytical form [7, 14] :
where A, B and C are model parameters related to basic quantities characterizing a surface, i.e. A is a P SD value for low frequency, B/2π is the correlation length and C determines the type of power law in high spatial frequency. The C parameter qualies type of random distribution of irregularities. For the special case C = 2 or C = 4, the distribution of P SD(f ) is Lorentzian or Gaussian, respectively. The ABC model is applicable to single surface or interface. The function describing surface topography in spatial wavelengths is autocovariance function [1] .
In order to determine the P SD function BRDF method has been used [17] . BRDF method measures the dierential power of scattered beam dP per solid angle of receiver aperture dΩ in the θ s direction and per incident power P i coming from the θ i direction. The angles used in BRDF have been shown in Fig. 1 . Fig. 1 . The angles dened in BRDF technique.
Practically, dP /dΩ is equal to the measured scatter power P s per acceptance angle Ω of a detector, namely
If the surface under consideration is relatively at, one can use the RayleighRice vector perturbation theory yielding a simple dependence between the scattered radiation expressed by BRDF and P SD functions [1, 7] :
However, if a thin lm is deposited on a rough surface, the BRDF depends on the proles of upper and bottom interfaces. Then, even for a slightly absorbing or transparent thin lm, the BRDF P SD relationship is much more complicated, in particular, when a partial correlation between interfaces occurs. For completely correlated the top and bottom lm surfaces the factor Q is optical functions of lm/air-and lm/substrate interfaces which represents reection from a lm.
Volume scattering is a part of elastic scattering caused by the lm bulk. It is assumed that there is no energy loss accompanying the scattering and that the scattering bulk is spherically symmetric. The scattering light in a bulk is described by formula [19] :
where s and k are the scattering and wave vector, respectively: s = 2 sin(θ / 2), k = 2π/λ. The parameter B is the scattering factor, and a is correlation length describing the distance between refractive index uctuation caused by the scattering centers.
The contribution of volume scattering to the total diffuse reectance is larger for small angles of scattering.
This is signicant mainly in translucent materials with a small extinction coecient.
Surfaces and layers can be described in dierent ranges of space wavelengths (or frequencies). For a xed angle of incidence, the intensity scattered in the plane of incidence have been measured by varying the detector orientation. All measurements have been carried out with the s-polarized incident beam. In any case, the sample surface size has been much larger than the beam diameter [20] . Moreover, the minimal illuminated area (4 mm 2 ) has been large enough for statistical description of the surface. The scheme of BRDF setup is shown in Fig. 2 . The scattering angles θ s ranged from 1
• to 13
• . The measurements were done in the plane of light incidence with the s-polarized incident beam. The scheme of OP has been shown in Fig. 3 [10] . OP is a multifunctional experimental setup for surface topography investigations. It works in two modes. The rst specular mode, employs the laser diode with wavelength λ = 635 nm as a light source with the collimating system allowing to achieve a 12 µm diameter light beam.
It allows to obtain the optical map of surface with a 12 µm lateral resolution. In the second mode the reection probe R200-7 mode is utilized. The XY positioning stage is actuated by lead screw step motor. It allows to scan 20 mm × 20 mm surface area with step of 20 µm.
Result and discussion
The optical scanning method could be applied in thin slightly rough lms which additionally exhibit optical dif-fusion in the bulk. The BRDF study performed at zero angle of incidence allows us to separate optical losses caused by volume or surface scattering from total light scatter. Such diusive behavior can be observed in polymer layers applied in optoelectronic devices. Fig. 4 . log (ARS) for the BK-7 glass with the surface roughness σ = 3 nm (curve 1) and a relatively thick PPI lm (curve 2). Table. If bulk scattering does not occur the optical losses originate from surface and interface only. In that case it is allowed to determine the roughness σ, autocorrelation length T and power coecient C of high distribution law from BRDF measurements using formula (3 As one may notice in Table irregularities Fig. 11 . FFT proles of images presenteds in Fig. 10a and b.
at the angle of 15
• to the sample axis, the probe records only nonspecularly scattered light. The measured prole at angle of 15
• for the same sample of etched silicon is shown in Fig. 10b .
In this case, the diusely reected light is measured, so recorded prole shows the image of the scattered light coming mainly from the the sample microroughnes.
In Fig. 11a and b the Fourier transform proles from 
